Cancer is a major public health problem with limited success of available treatments, pointing to the need for new strategies to be developed. Phosphoethanolamine exhibits broad antitumor activity in a variety of tumor cells and potent inhibitor effects on tumor progress in vivo. Once-used organophosphates inhibit acetylcholinesterase (AChE), resulting in toxic effects to the user. As this group is present in phosphoethanolamine, we perform prediction of the in silico metabolism of phosphoethanolamine and submit this series to a docking study on AChE. A total of 10 metabolites were indicated by the prediction, including ammonia and hydroxylamine, which were not included in the study. Using a group of 8 organophosphorus whose pIC 50 values ranged from 5.92 to 9.47 as template, we observed that no compound present in the phosphoethanolamine series had a binding energy lower than that of organophosphorus, suggesting that the series has low inhibitory power on AChE. In light of this, we conclude that phosphoethanolamine and its predicted metabolites do not significantly inhibit AChE to cause a cholinergic crisis. This finding highlights the importance of investigating this compound as lead for potential anticancer agents.
Introduction
Cancer is a major public health problem in many parts of the world, representing the second leading cause of death in the Western world. The number of individuals diagnosed with cancer increases each year, with millions of deaths. For example, in 2012, 8.2 million people died of cancerapproximately 13% of all deaths worldwide. Furthermore, it is predicted that cancer will increase from 10 million new cases in 2000 to 15 million in 2020, an increase of 50% [1] [2] [3] . The limited successes of available treatments for cancer mean that new strategies need to be developed [4, 5] .
Phospholipids are present in tissues and there is a special scientific interest in the elucidation of their role in the treatment of cancer. Phosphoethanolamine is a precursor of phosphatidylcholine and phosphatidylethanolamine, both of which are involved in the turnover of cell membrane phospholipids. Both of these phospholipids take part in lipid signaling pathways, either acting as ligands or generating intermediate substrates [6] [7] [8] .
A class of potential synthetic antineoplastic phospholipids such as alkylphospholipids represents a promising treatment for cancer. Ether lipids, as this class is collectively termed, have been shown to reduce the synthesis of phosphatidylcholine in cancer cells, interfering with phospholipid-induced apoptosis. Miltefosine (hexadecylphosphocholine) is an analogous lipid compound that is used for control of cutaneous metastases of human malignant melanoma [8] [9] [10] .
Studies have shown that synthetic phosphoethanolamine exhibits broad antitumor activity in a variety of tumor cells and potent inhibitor effects on tumor progress in vivo. Other actions of phosphoethanolamine include antiproliferative and proapoptotic effects on melanoma cells [8] , activity in the renal carcinoma model [11] , apoptosis in human breast cancer 2 Journal of Chemistry MCF-7 cells via the mitochondrial pathway [12] , inhibition of tumor growth, and increase of animals' lifespan without causing liver or hematological toxicity [13, 14] .
Organophosphates are organic compounds commonly used as pesticides. Their ability to inhibit acetylcholinesterase (AChE) is directly related to the toxicity of this group of molecules. Human AChEs are a class of enzymes whose biological function is to catalyze the hydrolysis of the neurotransmitter acetylcholine in the terminal nerve junction. The inhibition of AChE by organophosphorus involves phosphorylation of active binding site blocking acetylcholine hydrolysis, through attack of hydroxyl group from serine to nucleophilic phosphorus [15] [16] [17] [18] .
The presence of a phosphate group in phosphoethanolamine could increase the toxicity of this potential anticancer agent or its metabolites, generated after biotransformation. In light of this, the present work predicts the in silico metabolism of phosphoethanolamine and evaluates the affinity of the compound, three analogues, and its metabolites to AChE through molecular docking.
Materials and Methods

In Silico Metabolism.
For prediction of metabolism, Metabolizer version 15.6.8, part of ChemAxon's JChem package (https://www.chemaxon.com/), was used. The software transforms the substrate according to generic transformations from a current biotransformation library. The structure of phosphoethanolamine was drawn in the program and then calculated according to default configuration.
Metabolizer calculates global accumulation by considering all alternative metabolic routes to the metabolite. The ones with highest global accumulations are considered major metabolites.
Physicochemical Properties.
Determination of log , log , and molar refractivity were obtained using Marvin Sketch 14.12.8.0 while electrostatic surface was calculated using Marvin Space 14.12.8.0; both are part of ChemAxon's JChem package (https://www.chemaxon.com/). All four calculations used default configuration.
The log plugin calculates the octanol/water partition coefficient, which is used in rational drug design as a measure of molecular hydrophobicity. log is important in compounds with ionizable groups, once ionization of those groups; thus the ratio of the ionic forms depends on the pH. log represents the compounds at any pH value. Calculations are based on a pool of fragments predefined in the calculator. The partition value of a molecule is the sum of the fragment values present in the molecule. Weighted method was used, which is a combination of three partition calculations VG, KLOP, and PHYPROSP [19] [20] [21] .
Molar refractivity is strongly related to molar volume and London dispersive forces that has important effect on drugreceptor interaction. Calculation was based on the atomic method proposed by Viswanadhan et al. [19] . For electrostatic parameters, van der Walls surface was determined for each compound. Then, electrostatic potential was selected as color type and exported.
VolSurf Descriptors. Three-dimensional structures (3D)
were used as input data in the VolSurf+ program v. 1.0.7 [20] and were subjected to molecular interaction fields (MIF) [20] to generate descriptors using the following probes: N1 (amide nitrogen-hydrogen bond donor probe), O (carbonyl oxygen-hydrogen bond acceptor probe), OH2 (water probe), and DRY (hydrophobic probe). Additional non-MIF-derived descriptors were generated to create a total of 128 descriptors [20] . VolSurf descriptors have been previously used to predict the inhibitory actions of alkaloids against monoamine oxidase B (MAO-B) [21] .
CACO2 and SKIN are computed via PLS model derived by fitting VolSurf+ descriptors to experimental data. The values are only qualitative for CACO2 and quantitative (cm/h) for skin.
Log of the Blood-Brain Barrier (LgBB) distribution indicates permeability level. Values lower than −0.5 indicate very poor brain permeation while values greater than 0.5 indicate high brain permeation. Volume of Distribution (VD) is computed via a PLS model derived by fitting VolSurf+ descriptors to −log of experimental data on volume of distribution (Litre/Kg).
Metabolic Stability (MetStab) is percentage of the remaining compound after incubation with human CYP3A4 enzyme. Values greater than 50 indicate stable behavior (100 is the maximum stability); values lower than 50 are less precise and indicate metabolic instability.
Docking.
The structure of acetylcholinesterase (PDB ID 2ACE) [22] was downloaded from the Protein Data Bank (http://www.rcsb.org/pdb/home/home.do). Molecular structures were submitted to molecular docking using the Molegro Virtual Docker, v. 6.0.1 (MVD) [23] . All of the water molecules were deleted from the enzyme structure and the enzyme and compound structures were prepared using the same default parameter settings in the software package (score function: MolDock score; ligand evaluation: Internal ES, Internal HBond, Sp2-Sp2 Torsions, all checked; number of runs: 10; search algorithm: MolDock SE; maximum interactions: 1500; max. population size: 50; max. steps: 300; neighbor distance factor: 1.00; and max. number of poses returned: 5). The docking procedure was performed using a GRID of 15Å in radius and 0.30 in resolution to cover the ligand-binding site of the acetylcholinesterase structure [24] .
A group of 8 organophosphorus [25] , whose IC 50 values ranged from 0.34 nM to 1.2 M (pIC 50 values, −log IC 50 (mol/L), from 5.92 to 9.47), were used to evaluate the binding energy of phosphoethanolamine and its metabolites to AChE (Table 1) .
Results and Discussion
The Metabolizer software is useful for enumeration of the metabolites of drugs and the prediction of their likelihood. A total of 10 metabolites were generated, including ammonia and hydroxylamine, which were not included in the study due to their simple structures. The structure of the selected metabolites and their respective global accumulation values are presented in Figure 1 . Values of calculated log (clog ) and molar refractivity of phosphoethanolamine and analogues (Figure 2 ), phosphoethanolamine metabolites (M1 to M8), and a group of 8 organophosphorus compounds, used as parameter to evaluate phosphoethanolamine and derivatives (analogues and metabolites), are displayed in Table 1 . log of phosphoethanolamine and derivatives are displayed in Figure 3 .
Electrostatic properties of phosphoethanolamine and derivatives are represented in Figure 4 . A high electronic density is observed in phosphate and amine group in phosphoethanolamine; the hydrogen linked to electronegative atoms presents low electronic density (blue color). An increase of polarity (red color) is well observed in metabolites, increasing molecular polarity.
The group of 8 organophosphorus compounds [26] was submitted to molecular docking and their energy binding and pIC 50 values (Table 2) were used as parameters to evaluate the phosphoethanolamine series. Chlorpyrifos-Oxon showed the lowest binding energy value of −107.9 MolDock energy, corroborated by a smaller pIC 50 value. A good correspondence between experimental and docking data was observed in the analysis of the 4 compounds with lower pIC 50 values, all of which had energy values under −100 MolDock energy ( Table 2 ). The coefficient of determination (
2 ) was 0.68, indicating a significant correlation ( Figure 5 ). High binding energy values (Table 3) for phosphoethanolamine and its metabolites indicated an inferior interaction with AChE compared to the organophosphorus group ( Table 3 ). Phosphoethanolamine had a low energy binding value of −59.2 MolDock score, indicating a weak interaction between the molecule and the receptor, thus suggesting a low toxicity for this enzyme. In silico metabolism indicated M2 as major metabolite (Figure 1) , as the binding energy of this compound was one of the lowest in the series. The other metabolite with considerable abundance was M8, with a −72.3 MolDock score energy. This was the highest value among the metabolites but lower than any organophosphorus compound used as a template, confirming the weak interaction of phosphoethanolamine and its metabolites with AChE. The three proposed analogues show energy binding value lower than phosphoethanolamine, increasing interaction with AChE.
Some molecular descriptors are parameters appropriable to evaluate ADME process and drug behavior (Table 4) . Five molecular VolSurf descriptors were selected in order to evaluate permeability (CACO2 cells and SKIN), distribution (LgBB and VD), and stability (MetStab). Phosphoethanolamine and metabolites present low permeability ( 2 ) is also indicated. through CACO2 cells and SKIN. The analogues showed a better comparative performance, probably related to their lower polarity. An unsatisfactory distribution for phosphoethanolamine and derivatives in systemic circulation and central nervous system was also observed, whereas analogues display better 
Conclusion
This theoretical study suggests that a series composed of phosphoethanolamine and its metabolites exhibit low affinity to the enzyme AChE, suggesting low neurotoxicity during the use and biotransformation of this anticancer compound. A docking study corroborated the results of experimental enzymatic inhibitory values of AChE and was executed in comparison to a group of 8 organophosphorus compounds whose pIC 50 values ranged from 5.92 to 9.47. We observed that no compound of the phosphoethanolamine series showed energy levels close to the template group, indicating a weak interaction with AChE.
In light of this, we conclude that phosphoethanolamine and its predicted metabolites do not significantly inhibit AChE to cause a cholinergic crisis, as organophosphorus usually act, indicating a low neurotoxicity potential, highlighting the interest in further investigating this compound as a potential lead for future anticancer agents.
